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The alternating current (ac) Josephson effect in a time-independent spatially-inhomogeneous set-
ting is manifested by the occurrence of Josephson oscillations—periodic macroscopic phase-
induced collective motions of the quantum condensate. So far, this phenomenon was observed
at cryogenic temperatures in superconductors, in superfluid helium, and in Bose-Einstein conden-
sates (BECs) of trapped atoms. Here, we report on the discovery of the ac Josephson effect in a
magnon BEC carried by a room-temperature ferrimagnetic film. The BEC is formed in a paramet-
rically populated magnon gas in the spatial vicinity of a magnetic trench created by a dc electric
current. The appearance of the Josephson effect is manifested by oscillations of the magnon BEC
density in the trench, caused by a coherent phase shift between this BEC and the BEC in the nearby
regions. Our findings advance the physics of room-temperature macroscopic quantum phenomena
and will allow for their application for data processing in magnon spintronics devices.
The ac Josephson effect [1] is well known as a rapidly
oscillating current that appears between two weakly cou-
pled superconductors subject to an external dc voltage.
Soon after the first experimental proof of principle was
made [2], the Josephson effect was used in various ap-
plications such as voltage standards, ultrasensitive mag-
netic field sensors, and quantum computing [3, 4]. It was
intensively studied in various configurations [5, 6]. The
Josephson dynamics relies on the existence of two weakly
coupled macroscopic quantum states. Therefore, a sim-
ilar behaviour was also expected, and indeed has been
observed, in bosonic systems such as Bose-Einstein con-
densates (BECs) in superfluid 3He [7–10], 4He [11], and in
weakly interacting Bose gases [12–15]. Recently, magnon
supercurrents were observed in room-temperature fer-
rimagnetic films [17] and an existence of the related
magnon Josephson effect was predicted [18, 19].
In this paper, by exploring the spatio-temporal dynam-
ics of a magnon BEC prepared by microwave parametric
pumping, we present the experimental discovery and a
theoretical analysis of Josephson oscillations in a room-
temperature Yttrium Iron Garnet (Y3Fe5O12, YIG) fer-
rimagnetic film [20–23].
In our experiments, we make use of two facts:
(i) The magnon frequency spectrum in an in-plane
magnetized magnetic film has two equivalent minima
ωmin = ω(±qmin) at symmetric values of the wave vec-
tor. Therefore, the magnon BEC consists of two com-
ponents, named in the following the right- and left-
component (right-BEC and left-BEC), localized in the
q-space around +qmin and −qmin, respectively, see Fig. 1.
(ii) Using a space-inhomogeneous pumping mechanism
by a microstrip antenna shown in Fig. 2a, we can popu-
late right- and left-BECs such that their densities in the
physical space, N+(x) and N−(x), become different.
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Figure 1| Magnon spectrum. Magnon spectrum of the first
thickness modes in 5.1-µm-thick YIG film magnetized in plane
by a bias magnetic field H = 1520 Oe, shown for the
wavevector q ‖H (lower part of the spectrum, blue and green
curves) and for q ⊥H (upper part, magenta curves). The
orange arrow illustrates the magnon injection process by means
of parallel parametric pumping. Green and blue dots indicate
positions of the frequency minima ωmin(+qmin) and ωmin(−qmin)
occupied by the right- and left-BECs of magnons.
Using Brillouin Light Scattering (BLS) spectroscopy
(see Fig. 2a and Methods) we show that the central
zone of the sample (under the microstrip, see Fig. 2b)
is populated almost equally N+(x) ' N−(x) ' N center,
while in the left zone N left−  N left+ and in the right zone
N right+  N right− .
The central idea of our experiment is to create a poten-
tial trench in the central zone (see Fig. 2b) by applying
a time-independent space-inhomogeneous magnetic field
h(x). Its gradient ∇h causes a coherent phase shift be-
tween the two quantum condensates with different poten-
tial energies, similarly to the external dc electric field in
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Figure 2| Experimental set-up and Josephson oscillations. a, Sketch of the experimental set-up. A YIG-film magnetized in-plane
by a magnetic field H is placed on top of a 50µm-wide microstrip. The red and orange branches represent the circuits for
generation of dc and microwave currents. The red arrows show the Oersted field h induced by a dc current. The green part
describes a tool for optical detection of magnons by means of Brillouin light scattering spectroscopy (BLS). A pulse generator
triggers dc and microwave generation, and synchronizes the time resolved BLS analysis. b, The calculated ωmin(x) profile of a
potential trench. Panels c, d, e present the BLS intensity in the central zone which is proportional to the magnon density at the
bottom of spin-wave spectrum, versus time. c, Josephson oscillations of the right- and left-BECs, respectively. Time intervals 1-4 in
c mark: (1) – the time, when magnons are excited by parametric pumping, (2) – the time interval during which the BEC forms, (3)
– the time interval during which the first oscillation appears, and (4) – the rest of the observation time. Panels d and e present the
summarized dynamics of the right- and left-BECs for different bias d.c. currents: d, Potential barrier formed by dc currents from 0
to +500 mA. e, Potential trench formed by dc currents from 0 to −500 mA.
the traditional Josephson’s arrangement in superconduc-
tors. The phase shift triggers an ac supercurrent of the
right-BEC between the right and the central zone and
an ac supercurrent of the left-BEC between the central
and the left zone with the frequency Ω ∝ |∇h|. In our
experiments, we detect these ac supercurrents as the ac
Josephson oscillations of the right- and left-BECs occu-
pation in the central zone, see Figs. 2c, 2d, and 2e.
An analysis of this and related findings allows us to
propose a simple model of the observed phenomena, re-
ferred to below as the “minimal model”. The model is
formulated in terms similar to the description of tra-
ditional Josephson junctions in superconductors. The
semi-quantitative agreement between the model and the
experiment indicates that the suggested minimal model
reflects the basic physical mechanism of the BEC evolu-
tion and allows one to predict the BEC behavior on an
intuitive level.
Experimental setup
Magnons are parametrically pumped [21–23] in an in-
plane magnetized 5.1µm-thick YIG-film. During pump-
ing, the microwave photons with frequency ωp decay into
two magnons with frequency ωp/2 and wave vectors ±q,
as shown in Fig. 1. A schematic view of the experi-
ment is shown in Fig. 2a. Microwave pulses with the
frequency fp = ωp/(2pi) = 13 GHz and a duration of
τp = 300 ns feed a 50µm-wide microstrip, inducing a mi-
crowave pumping field. The microstrip is placed on a di-
electric substrate and its end is connected to the ground
plate on the backside of the substrate, creating an elec-
trical shortcut in the electric circuit.
Unlike in our previous work, where the magnon super-
current was induced by a thermal inhomogeneity in a hot
laser spot [17, 27], in this work we used the dc electric
current for producing a time-independent inhomogeneous
magnetic Oersted field h(x). Being added to the uniform
bias magnetic field H, it constitutes a potential trench or
barrier for the magnon BEC created in the vicinity of the
pumping microstrip, depending on its sign. A calculated
profile of the potential trench is shown in Fig. 2b.
To detect the magnons from the bottom of the spec-
trum, conventional wavevector- and time-resolved BLS is
used [24–26]. The BEC-related BLS signal was detected
around ωmin (see Fig. 1). The value of an incident angle
of the laser light was adjusted to detect the magnons of
wavenumbers ±qmin (see Methods).
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Figure 3| Time-dependence of spatial magnon distributions
in different potential profiles. Distribution of magnons
perpendicular to the antenna. Rows (1), (2), (3) and (4) show
integrated data over different time intervals of the
time-resolved measurement data, as shown in Fig. 2c. The
intensity of the right- and left-BECs are shown by solid and
dashed lines, respectively. The first column (A) shows data for
the magnetic barrier with the applied current I = 500 mA,
while the second column (B) corresponds to the magnetic
trench with the applied current I = −500 mA.
Experimental results and their discussion
Figure 3 shows profiles N+(x) of the right-BEC (solid
lines) and N−(x) of the left-BEC (dashed lines) obtained
by scanning the BLS signal in x̂-direction, perpendicular
to the microstrip. We see that these BECs are separated
in space: the right-BEC is mostly concentrated in the
right (blue coloured) zone of the sample, while the left-
BEC – in the left (green coloured) sample zone. As ex-
pected from the physical view-point, the amplitudes and
the spatial distribution of these components in our exper-
iments are indeed almost mirror-symmetric with respect
to the x = 0 line.
To understand why the right- and left-BECs are mostly
localized on different sides of the antenna, we recall that
the parametric pumping process creates magnons in the
region at and near the antenna. These magnons, created
right at the antenna ω(qp) = ωp/2  ωmin, see Fig. 1,
have a rather large group velocity vx(qp) = ∂ω(q)/∂qx
at q = qp which is positive for qp,x > 0 and negative
for qp,x < 0. Therefore, during the thermalization and
condensation processes, the magnons with qp,x > 0 are
traveling to the right of the antenna, while the magnons
with qp,x < 0 move to the left. As a result, the right-
and left-BECs are separated and localized at different
sides of the antenna, as is shown in Fig. 3.
In the geometry of our experiment, this spatial separa-
tion of the two magnon BECs is a robust and very general
phenomenon that takes place in a wide range of pump-
ing powers and in the range of H from about 1500 Oe to
about 2100 Oe.
To see how the spatial separation of the right- and left-
BECs N±(x, t) develops during the time of observation,
in Fig. 3 we present the profiles N+(x, t) and N−(x, t)
(by solid and dashed lines, respectively) for four charac-
teristic time intervals of the magnon evolution, in four
rows: the interval (1) covers the duration of the pump-
ing (Figs. 3a,b), during interval (2) the BEC peaks are
formed (Figs. 3c,d), the interval (3) corresponds to the
time around the first oscillation peak (Figs. 3e,f) and
the period (4) covers the rest of the magnon lifetime
(Figs. 3g,h). The evolution of the spatial distributions
of the BECs for different profiles of the magnetic fields is
shown for two spatial arrangements: the magnetic barrier
with a height of about 100 MHz (column A) and the mag-
netic trench with a depth of about 100 MHz (column B).
First of all, we see that during active pumping [row
(1), Figs. 3a,b] the spatial distributions of both the
right- and the left-BECs are practically the same for
the magnetic barrier and the trench scenario. This is
the result of a very intensive pumping process, which
prevents the formation of a coherent BEC state, and
thus of any supercurrent-related magnon dynamics
during this time interval. [27, 28, 30].
Furthermore, the spatial distributions of both the
right- and the left-BECs, shown in column A, are almost
time-independent. This is because the high magnetic
barrier practically blocks the exchange of the BEC
densities between the left and right zones, pushing
condensed magnons away from the central zone. This is
also seen in Fig. 4. Indeed, during the BEC formation
the magnon frequency in the central zone practically
linearly depends on the applied dc current. Later, this
dependence remains only for positive currents, which
correspond to the formation of the potential trench. In
the case of the potential barrier created by a negative
dc current, no essential frequency shift is observed.
A completely different time evolution of the peaks is
seen for the magnetic trench (column B). Immediately
after switching off the pumping, and still during the
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Figure 4| Magnon frequency shift in potential profile. The
center frequencies (found by a Gaussian fit) of the measured
magnon spectra near +qmin (black lines and squares) and
−qmin (red lines and dots) versus the applied bias current I.
condensation process, the central zone becomes more
populated compared to magnetic barrier scenario dis-
cussed above. As the time progresses, the effect becomes
even stronger. Such a behavior is quite expected: the
condensed magnons that are initially located in the left
and right zones, fall into the trench of the central zone,
creating a supercurrent of the left-BEC from the left to
the central zone and a supercurrent of right-BEC from
the right to the central zone. Keeping in mind that in
this case the central zone has a smaller local magnetic
field than the left and the right zones and, consequently,
a different frequency of the BEC, we find that in this
geometry there are two effective Josephson junctions:
between the right and the central zone of the sample
for the right-BEC and between the left and the central
sample zone for the left-BEC.
Minimal model of the Josephson oscillations
It can be shown that a one-dimensional version of cou-
pled two-component Gross-Pitaevskii Equations (GPEs)
for the ±qmin-BECs with wave functions C±(x, t) in an
external potential ωmin(x) has the form
i
∂C±
∂t
=
[
− ω
′′
xx
2
∂2
∂x2
+ ωmin(x) + T |C±|2
+S|C∓|2
]
C± . (1)
Here T is the amplitude of the self-interaction, S is the
cross-interaction amplitude and ω′′xx = ∂
2ω(q)/(∂qx)
2 for
q = ±qmin. Given Eq. (1), the supercurrent of the ±qmin-
BECs has the standard form
J±(x, t) =
iω′′xx
2
[
C±
∂ C∗±
∂x
− C∗±
∂ C±
∂x
]
(2)
= −ω′′xxN±
∂ sinϕ±
∂x
, C± =
√
N± exp[−iϕ±] .
In Eq. (2), the arguments (x, t) in the functions C±(x, t),
N±(x, t), and ϕ±(x, t) were omitted for shortness.
To estimate the supercurrent J± in our geometry, we
formulate a physically transparent minimal model of the
Josephson oscillations that is as simple as possible, but
still adequately describes the phenomenon. To do this
in a manner close to the description of the traditional
Josephson junction, we neglect the spatial dependence of
the Oersted field in the left, right, and central zones and
introduce boundary zones of a width ∆, in which the
Oersted field varies linearly. The boundary zones play
the role of the Josephson junctions. In a na¨ıve view-
point, the frequency of the Josephson oscillations of the
supercurrent through the junction should be equal to the
magnetic trench depth, i.e., to the difference between the
frequency of the BECs in the side zones and in the central
zone,
Ω± = ωmin(x±)− ωmin(0) , (3a)
where x± are the positions of the BEC peak centers in
the side zones. Figure 5b shows that, as expected, this
frequency Ω± is proportional to the Oersted magnetic
field, which causes the magnetic trench.
However, the localized BEC packages in the side zones
“hardly know” about the depth of the trench ωmin(0)
shown in Fig. 4 as a function of the applied dc current.
Being centered at some x± away from the central zone,
they sense only the local value of the potential ωmin(x±)
and its local slope dωmin(x)/dx at x±. The package can
sense the trench depth only by a linear extrapolation
ωmin(x±) − x± dωmin(x±)/dx±. Consequently the time
evolution of the package should be governed by the dif-
ference between these frequencies, i.e., by
Ωeff± = x±
dωmin(x±)
dx±
, (3b)
instead of the na¨ıve assumption ωmin(x±) − ωmin(0).
Therefore, in our experiments, the phase accumulation
between the BECs at different sides of the Josephson
junction may be estimated in the minimal model by
δϕ±(x±, t) = x±
dωmin(x±)
dx±
t. Accordingly, Eq. (2) for the
magnon supercurrent takes the form:
J±(x, t) = −N±(x)ω′′xxd sin[δϕ±(x±, t)t]/dx (4a)
⇒ ±N±(x)ω′′xx cos(Ωeff± t)/∆. (4b)
In Eq. (4b) we estimate the phase gradient dδϕ−/dx be-
tween the left and central zone as −δϕ−/∆, while the
phase gradient dδϕ+/dx between the central and right
zone is δϕ+/∆. Then the frequency of the Josephson
oscillation in the minimal model is given by Eq. (3b).
We see from Eqs. (4) that the supercurrents of the right-
and left-BECs have opposite directions, both toward the
trench or both out of the trench, and both have the same
oscillating frequency (3b).
5Time evolution of the BEC density vs minimal model
The minimal model predicts that for a fully mirror-image
symmetrical geometry, the BEC with ±qmin in the cen-
tral zone should oscillate identically, as is clearly seen in
Fig. 2c. In the following, this allows us to ignore the dif-
ference in their behavior and to consider only the sum of
these components N center(t) = N center+ (t) +N
center
− (t).
Figures 2d and 2e show the time evolution of N center(t)
for the spatially-homogeneous geometry and for the bar-
rier and the trench geometries, respectively. As expected
(in agreement with the minimal model), the Josephson
oscillations are observed only in the trench geometry.
Figure 2e shows the time evolution of N center(t) for the
trench geometry with different depths of the trench. The
minimal model predicts that the oscillation frequency
should be proportional to the depth of the trench. We
see that the period of the oscillations indeed becomes
smaller when deepening the trench. To check the predic-
tion of the model, we have determined the explicit time
positions of the first and the second peaks, τ1 and τ2, for
different depths of the trench and plotted them as black
squares and red circle dots in Fig. 5. The frequency of
the oscillations was calculated as the inverted time be-
tween them Ω = 1/(τ2 − τ1). It is shown as blue trian-
gles in Fig. 5. We see that this frequency increases with
the trench depth almost linearly, in a semi-quantitative
agreement with the prediction.
A na¨ıve estimate (3a) of the frequency of the Joseph-
son oscillation may be obtained from Fig. 4. For instance,
the difference between the frequency shift at I = 400 mA
and at I = 0 is about Ω± ≈ 66 MHz, which is much
larger than the experimental value Ωexp ≈ 3.3 MHz,
found from Fig. 5b. On the other hand, the minimal
model estimate (3b) of Ωeff± differs from Ω± by the factor
r(x) = x [dΩ(x)/dx]/Ω(0).
To estimate r(x) we find the BEC peak positions in-
150
300
450
600
-400 -500 -600 -700
3.25
3.75
4.25
T
im
e
 p
o
s
it
io
n
 (
n
s
)
F
re
q
u
e
n
c
y
 (
M
H
z
)
Current (mA)
a
b
Figure 5| a, Time positions of the first (black squares) and the
second (red circles) oscillation peak. b, Frequency of the Joseph-
son oscillations (blue triangles) vs. applied current in the strip.
Fig. 3d. Having in mind possible experimental uncer-
tainty about ±10µm, we take two values, x1 = 70µm
and x2 = 60µm. Then, using Fig. 2b, we estimate
r(x1) = 0.089 and r(x2) = 0.13. For I = 400 mA these
values result in Ωeff± ' 5.9 MHz for x1 and 8.6 MHz for
x2. This is much closer to the experiment, e.g. for x1
the ratio Ωexp± /Ω
eff
± ≈ 0.56. Taking into account the very
simple character of the minimal model we consider this
semi-quantitative agreement as encouraging.
The minimal model naturally explains the redistribu-
tion of the BEC population between the left and right
zones over time: e.g., in Fig. 3b most of the +qmin-BEC
is localized in the right zone, while at a much later time,
in Fig. 3h the populations in the left and right zones are
about the same. This is because during the first half
of the Josephson period the right-BEC supercurrent is
mostly flowing from the right to the central zone, while
during the second half of the period it is flowing from the
center zone to the left and to the right zones, although
not necessarily by the same amount. As a result, after
several Josephson periods, the occupations of the right-
and the left-BECs in the left and right sample zones tend
to equilibrate, as indeed observed. As expected, no such
an equilibration occurs for the scenario of a potential
barrier (Fig. 3 Column A).
Discussion
The discovered ac Josephson oscillations in the system
of two room-temperature magnon condensates open way
for a better understanding of the underlying physics of
this phenomenon. We would like to address several direc-
tions. First, one needs to study the evolution of the BEC
spatial profiles N(x, t) for the case of a time-dependent
magnetic trench/barrier, which can be achieved by ap-
plying time-dependent dc currents. Second, an especially
interesting case will be the realization of a conventional
“superconductor geometry” (see, e.g., Ref. 19), consider-
ing two weakly coupled magnon systems with a controlled
BEC phase shift between them.
The suggested theoretical model, despite its simplic-
ity, qualitatively describes the main observed phenom-
ena and explains the discovered Josephson oscillations as
a consequence of the coherent phase shift between the
BECs in the induced magnetic trench and in the nearby
regions. Nevertheless, the model still requires further
justification and development. For example, one needs
to account for the interactions of the bottom gaseous
magnons with the BEC magnons by formulating a model,
analogous to the two-fluid model of superfluid helium
[31].
We believe that these findings will pave the way to var-
ious engineering applications in spatially-inhomogeneous
setups, such as information processing in perspective
magnon spintronic devices [19, 32].
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Methods
Sample. The Yttrium Iron Garnet (YIG, Y3Fe5O12) [21]
sample is 3.5 mm long and 5 mm wide. The single-crystal YIG
film [33] of 5.1µm thickness has been grown in the (111) crys-
tallographic plane on a Gadolinium Gallium Garnet (GGG,
Gd3Ga5O12) substrate by liquid-phase epitaxy at the Depart-
ment of Crystal Physics and Technology of the Scientific Re-
search Company “Electron-Carat” (Lviv, Ukraine). To ensure
a uniform reflectivity of the probing light from the sample un-
der investigation, regardless the underlying reflectivity of any
kind of microstrip structure or its substrate material, a di-
electric mirror has been sputtered onto the YIG-film surface.
The mirror itself consist of several silicon and titanium oxide
multilayers with a total thickness of approximately 1µm.
Experimental setup. A sketch of the experimental setup is
shown in Fig. 2a. It consists of microwave, d.c. and optical
parts.
The microwave part is used as a source for pumping pulses.
It includes a microwave generator and a power amplifier con-
nected to a microstrip pumping circuit through a bias tee.
In the presented experiments, the pulse duration is 300 ns,
the pulse repetition rate is 3 kHz, and the carrier frequency is
13 GHz. The 50µm-wide microstrip, fabricated on top of an
alumina substrate, is used to induce the pumping microwave
Oersted field. The YIG-film sample is positioned on top of the
microstrip near its grounded end in the area of the maximum
microwave magnetic field.
The d.c. part, which is decoupled from the microwave cir-
cuit by a bias tee, feeds the microstrip with a pulsed d.c.
current in the range of ±700 mA to create the positive or
negative magnetic profiles of different depths in the pumping
area. The relative frequency shift of the bottom frequency
ωmin calculated for the longitudinal component h‖ of the d.c.
Oersted field created by the microstrip at a distance d = 1µm
(equal to the thickness of the sputtered mirror) is shown in
Fig. 2b. To calculate this magnetic field with the needed accu-
racy it was sufficient to assume a uniform current distribution
and a perfect rectangular cross section (of 50µm width and
17µm height) [34].
The optical part (Fig. 2a) is used for the probing of the
magnon Bose-Einstein condensate (BEC) by means of Bril-
louin light scattering (BLS) spectroscopy. Its main parts are
the probing green laser (single-mode, 532 nm wavelength) and
a tandem Fabry-Pe´rot interferometer. The probing beam of
power 0.5 mW is focused onto the sample surface into a focal
7spot of 50µm in diameter. The scattered light is directed to a
multipass tandem Fabry-Pe´rot interferometer [35–37] for fre-
quency selection with resolution of 100 MHz. A single photon
counting avalanche diode detector is placed at the output of
the interferometer. The output of the detector is then con-
nected to a counter module synchronized with a sequence of
microwave pulses. Every time the detector registers a photon,
this event is recorded to a database which collects the number
of photons ensuring a time resolution of 250 ps. The frequency
of the interferometer transmission is also recorded, thus pro-
viding frequency information for each detected photon.
Spatially-resolved probing of the magnon dynamics is per-
formed by the controlled displacement of the sample using a
precise linear positioning stage. The entire stage is placed di-
rectly between the poles of the electromagnet, ensuring high
field uniformity and stability. The setup allows for space-
resolved measurements of the magnon dynamics in the YIG-
film across the current-conducting microstrip as it is shown
in Fig. 2. The scanning step value is set to 20µm.
Frequency- and wavevector-selective Brillouin light
scattering spectroscopy. Brillouin light scattering can be
understood as a change in the frequency ωL and wavevector
qL of photons, when they anihiliate or create quanta of mag-
netic collective excitations, namely magnons. In our case,
a probing laser light beam illuminates the YIG-film sample
at a certain incident angle Θ laying in the (x̂, ẑ) plane. In
order to detect the inelastically scattered photons, they need
to travel the same path back (see Fig. 2a). This can happen
according to the following scheme. The out-of-plane wavevec-
tor of the incident photon is inverted due to its reflection
from a dielectric mirror deposited on the semi-transparent
YIG film. The inversion of the in-plane photon’s wavevec-
tor is possible if the photon creates an in-plane magnon
with the frequency ωm and wavenumber qx = 2qL sin(Θ)
(Stokes process: the frequency of the scattered photon is
ω′L = ωL − ωm), or if an in-plane magnon with the opposite
wavenumber qx = −2qL sin(Θ) transfers its momentum to
the incident photon and is annihilated (anti-Stokes process:
ω′L = ωL + ωm). The frequency of the inelastically scattered
photons is then analysed by a Fabry-Pe´rot interferometer and
the intensities of the Stokes and anti-Stokes spectral peaks
are related to the densities of magnons with different sign in
their wavenumbers qx, namely +qmin and −qmin in our case.
Data availability. The data that support the plots within
this paper and other findings of this study are available from
the corresponding author upon reasonable request.
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